Although the cochlea is an amplifier and a remarkably sensitive and finely tuned detector of sounds, it also produces conspicuous mechanical and electrical waveform distortions 1 . These distortions reflect nonlinear mechanical interactions within the cochlea. By allowing one tone to suppress another (masking effect), they contribute to speech intelligibility 2 . Tones can also combine to produce sounds with frequencies not present in the acoustic stimulus 3 . These sounds compose the otoacoustic emissions that are extensively used to screen hearing in newborns. Because both cochlear amplification and distortion originate from the outer hair cells-one of the two types of sensory receptor cells-it has been speculated that they stem from a common mechanism. Here we show that the nonlinearity underlying cochlear waveform distortions relies on the presence of stereocilin, a protein defective in a recessive form of human deafness 4 . Stereocilin was detected in association with horizontal top connectors 5-7 , lateral links that join adjacent stereocilia within the outer hair cell's hair bundle. These links were absent in stereocilin-null mutant mice, which became progressively deaf. At the onset of hearing, however, their cochlear sensitivity and frequency tuning were almost normal, although masking was much reduced and both acoustic and electrical waveform distortions were completely lacking. From this unique functional situation, we conclude that the main source of cochlear waveform distortions is a deflection-dependent hair bundle stiffness resulting from constraints imposed by the horizontal top connectors, and not from the intrinsic nonlinear behaviour of the mechanoelectrical transducer channel.
Although the cochlea is an amplifier and a remarkably sensitive and finely tuned detector of sounds, it also produces conspicuous mechanical and electrical waveform distortions 1 . These distortions reflect nonlinear mechanical interactions within the cochlea. By allowing one tone to suppress another (masking effect), they contribute to speech intelligibility 2 . Tones can also combine to produce sounds with frequencies not present in the acoustic stimulus 3 . These sounds compose the otoacoustic emissions that are extensively used to screen hearing in newborns. Because both cochlear amplification and distortion originate from the outer hair cells-one of the two types of sensory receptor cells-it has been speculated that they stem from a common mechanism. Here we show that the nonlinearity underlying cochlear waveform distortions relies on the presence of stereocilin, a protein defective in a recessive form of human deafness 4 . Stereocilin was detected in association with horizontal top connectors [5] [6] [7] , lateral links that join adjacent stereocilia within the outer hair cell's hair bundle. These links were absent in stereocilin-null mutant mice, which became progressively deaf. At the onset of hearing, however, their cochlear sensitivity and frequency tuning were almost normal, although masking was much reduced and both acoustic and electrical waveform distortions were completely lacking. From this unique functional situation, we conclude that the main source of cochlear waveform distortions is a deflection-dependent hair bundle stiffness resulting from constraints imposed by the horizontal top connectors, and not from the intrinsic nonlinear behaviour of the mechanoelectrical transducer channel.
The cochlea is a highly sensitive and sharply tuned sound detector. It contains two types of sensory cells: outer hair cells (OHCs) that locally amplify and sharpen sound-induced mechanical stimulation of the cochlear partition, and inner hair cells (IHCs) that transmit sensory information to the brain. OHCs have been proposed to supply forces for amplification by changing the length and stiffness of their lateral wall in response to changes in membrane potential (a process known as electromotility) [8] [9] [10] [11] , or by active movement of their apically located mechanosensory hair bundle 12, 13 . The OHC hair bundle is composed of actin-filled stereocilia arrayed in three rows of increasing height. The tallest stereocilia are embedded in the tectorial membrane, an acellular gel overlying the sensory epithelium. The stereocilia are coupled together by the tip link, which extends from the tip of a stereocilium to the side of the adjacent taller one and may gate the mechanoelectrical transducer (MET) channels 12 , and by zipper-like horizontal top connectors that join the upper parts of adjacent stereocilia within and between rows 5-7 ( Supplementary Fig. 1a ).
Mutations in the gene encoding stereocilin ( Supplementary Fig.  1b ), a protein of the hair bundle, cause prelingual hearing impairment in humans 4 . We engineered mutant mice with a frame-shifting deletion in the stereocilin gene ( Supplementary Fig. 2 ). In postnatal day 60 (P60) stereocilin-null (Strc 2/2 ) mice, auditory brainstem responses to tones in the 5-40 kHz frequency range showed increased thresholds, up to 60 dB (data not shown). As these threshold shifts suggested a possible failure of the cochlear amplifier 14, 15 , we studied cochlear sensitivity, frequency selectivity, as well as waveform distortions and masking interactions among spectral components of a complex sound 15 , all ascribed to the functioning of the OHCs.
The signal recorded by a round-window electrode contains the compound action potential (CAP) from the cochlear nerve, representing synchronous neural activity in response to short tone bursts. CAP thresholds, by assessing cochlear sensitivity, allow estimations of amplification due to OHCs, normally ,60 dB at frequencies .10 kHz 16 . P14-P15 mice still have immature CAP thresholds ( Fig. 1a versus 1b ), but their mechanical and electrical cochlear responses are adult-like (see Figs 1d, 1e and 2a) indicating that the immaturity of their CAP thresholds is probably neural in origin. At P14, the difference between CAP thresholds in Strc 2/2 mice and those of Strc 1/1 mice was not statistically significant, less than 10 dB on average in the 5-40 kHz range ( Fig. 1a and Supplementary Fig. 3 ). From P15 on, progressive hearing loss occurred in Strc 2/2 mice, increasing from a flat 25-dB to a ,60-dB ceiling above 10 kHz at P60 ( Fig. 1b and Supplementary Fig. 3 ).
The round-window electrode also collects the cochlear microphonic potential, a phasic response reflecting MET currents from basalcoil OHCs. As low-frequency tones are not amplified by basal-coil OHCs, the amplitude of the cochlear microphonic response to these tones is proportional to the number of functional MET channels 17 . This number gradually decreased from P15 to P60 in Strc 2/2 mice ( Fig. 1c ). Models of active OHC operation ( Supplementary Fig. 4 ) predict how much gain the residual active MET channels would generate 17 . A statistically significant difference was not found between the predicted and the observed auditory thresholds ( Fig. 1c ), which suggests that the decreased number of functional MET channels in OHCs accounts for the increased CAP thresholds in Strc 2/2 mice.
How well OHCs determine frequency selectivity, a task dependent on amplification, can be addressed by measuring how a continuous masker tone at varying frequency and level affects the CAP response to a test-tone burst presented simultaneously and just above threshold 18 . Masking occurs when the masker enters the frequency band of the cochlear filter centred on the test tone. We studied masking at 10 kHz ( Fig. 1d , e) and at 20 kHz (data not shown). In P14 Strc 2/2 mice, CAP tuning curves revealed the persistence of fine frequency selectivity, as the quality factor of tuning, Q 10 dB , remained similar to that of controls. CAP tuning curves also provide information on the strength of masking: the more upshifted their tip relative to the testtone level, the weaker the masking. Masking was weakened in P14 Strc 2/2 mice ( Fig. 1d ). Despite similar probe-tone levels, high-frequency maskers had to be .20 dB louder than in controls to provide the same CAP decrease. Simultaneous masking is due to two mechanisms 2, 19 . One is neuronal and due to the masker producing action potentials that place neurons in the refractory period, and therefore unable to respond to the test tone (line-busy masking). Because stereocilin was not detected in the cochlear ganglion neurons (data not shown), this process should be preserved in Strc 2/2 mice. The other mechanism is due to nonlinear interactions between the masker and the test tones decreasing the mechanical response to the test tone (suppressive masking). This suppressive masking shows up in the basilar membrane mechanical response 18 . Of note, the extent of the decrease of the masking strength observed in Strc 2/2 mice is reminiscent of the suppression of the chinchilla basilar membrane motion induced by a high-or low-frequency tone at levels similar to those used here 20 . This suggests that Strc 2/2 mice totally lack suppressive interactions and that the persisting masking is therefore due to the line-busy mechanism only.
The mechanical nonlinearity that contributes to masking may also distort acoustic waveforms, so that in response to two-tone stimuli (frequencies f 1 and f 2 ), distortion-product otoacoustic emissions (DPOAEs) at intermodulation frequencies (2f 1 The difference between Strc 1/1 and Strc 2/2 mice is non-significant (P . 0.05). b, Mean CAP thresholds (6s.d., n 5 5) in P15 to P60 mice. c, Ratio of cochlear microphonic (CM) amplitudes in Strc 2/2 versus Strc 1/1 mice at low frequencies (black curve), with predicted (pink shading) and actual (red curve) hearing loss. Differences, predicted versus actual, are nonsignificant (P . 0.05). d, CAP tuning curves in P14 mice (6s.d., n 5 7). Q 10 dB (the ratio of test frequency to CAP tuning curve width at 10 dB above its tip) is similar in Strc 2/2 (Q 10 dB 5 3.1) and Strc 1/1 (Q 10 dB 5 3.2) mice. e, CAP tuning curves (6s.d.) in P60 Strc 1/1 mice (Q 10 dB 5 3.4, n 5 5) and Strc 2/2 mice (P30 and P45, Q 10 dB 5 2.2, n 5 4; P60, Q 10 dB 5 3.1, n 5 4). The dashed vertical lines in d and e indicate the frequency of the test tones (10 kHz) and diamonds show the test-tone levels; vertical arrows indicate a lack of masking in some animals for the masking-tone maximal level (115 dB SPL, dashed horizontal lines). 1 0 on) are propagated backwards and detected as combination tones in the ear canal 21, 22 . From P14 onwards, control mice presented DPOAE components well above the noise floor. In contrast, Strc 2/2 mice had no detectable DPOAEs up to 80 dB sound pressure level (SPL; Fig. 2a ).
The complete absence of suppressive masking and DPOAEs in Strc 2/2 mice as early as P14, despite normal hearing thresholds and tuning curves, prompted a search for electrical distortion products. These show up as a levelling out of the cochlear microphonic waveforms that originate from MET currents through OHCs (Fig. 2b) . In response to tonal stimuli at frequency f in P14 control mice, cochlear microphonic waveforms showed harmonics 2f and 3f at about 230 dB relative to the levels of the fundamental frequency (data not shown). For two-tone stimuli with neighbouring frequencies f 1 and f 2 , P14 control mice had cochlear microphonic waveforms with several intermodulation components reaching from 212 to 215 dB relative to stimulus levels (Fig. 2b) . Furthermore, when an infrasound bias (,0.6 kHz) was mixed with an audible frequency (5-10 kHz), the cochlear microphonic waveforms in P14 control mice showed periodic suppressive amplitude modulation, even for biasing levels as low as 85 dB SPL (Fig. 2c) . In contrast, P14 Strc 2/2 mice showed none of these cochlear microphonic waveform distortions whatever the intensity of the acoustic stimulation up to 100 dB SPL (Fig. 2b, c) .
Histological examination of the cochlea in P14 Strc 2/2 mice did not show any gross structural anomalies. Scanning electron microscopy (SEM) showed that the tectorial membrane extended across the sensory epithelium, as in wild-type mice. Hair-bundle imprints corresponding to the anchoring points of the tallest OHC stereocilia 23 were, however, not observed (data not shown). Nonetheless, cochlear microphonic waveforms had the same phase relative to sound in Strc 2/2 and control mice ( Supplementary Fig. 5 ) indicating that, in both cases, OHCs were driven by the displacement of the cochlear partition and not its velocity as they are in Tecta DENT/DENT mice, in which the tectorial membrane is detached from the sensory epithelium 24 . Notably, in all OHCs, but not in IHCs, the tops of the stereocilia rows were less clearly aligned in Strc 2/2 compared to Strc 1/1 mice (Fig. 3a, b ). In keeping with the apparently loose connection between adjacent stereocilia, the horizontal top connectors that normally develop from P9 onwards and are fully mature at P14 (ref. 7) could not be detected in P14 Strc 2/2 OHCs by scanning ( Fig. 3c, d ) and transmission (data not shown) electron microscopy. In contrast, the tip links were still present (Fig. 3d) .
The distribution of stereocilin was analysed in P14 wild-type mice and compared to that in the Tecta DENT/DENT mice 24 . Stereocilin was detected in the hair bundles of OHCs only. It was present in the distal regions of all stereocilia rows, in both wild-type and Tecta DENT/DENT mice (Fig. 4a and data not shown) . Scanning immunoelectron microscopy showed that stereocilin was distributed in a ring around the tip of each stereocilium from the tallest row in the OHCs of wild-type mice but not of Tecta DENT/DENT mice (Fig. 4b, c ), suggesting that stereocilin is involved in the contact these stereocilia establish with the tectorial membrane. In addition, stereocilin was detected between all OHC stereocilia, both in wild-type and Tecta DENT/DENT mice (Fig. 4b, c ). Using transmission immunoelectron microscopy, the protein was found to be associated with the horizontal top connectors (Fig. 4d ). In OHCs, these links are characterized by a central density [5] [6] [7] (Supplementary Fig. 1a ) that may be contributed by stereocilin, predicted to be an extracellular protein according to its amino acid sequence.
The presence of DPOAEs in Tecta DENT/DENT mice 25 indicates that the tectorial membrane is not essential for DPOAE production. The absence of all intermodulation and harmonic components in the responses of P14 Strc 2/2 mice, despite preserved amplification and tuning, thus suggests that their OHC hair bundles lack the very element at the origin of cochlear waveform distortions. This element is commonly thought to be the MET channel 16, 26 for two reasons. First, the MET current relates to hair bundle deflection by the Boltzmann's distribution of the MET channels' open probability 27 . This sigmoidal transfer function converts hair bundle movement in response to sinusoidal sound pressure into distorted MET currents. Second, the thermodynamics of shuffling of the MET channels from open to closed states introduces a nonlinear, deflection-dependent stiffness 16, 28 . In LETTERS Strc 2/2 mice, one might assume that the MET transfer function has become linear over the waveform distortion-free 30-100 dB SPL range. The corollary of this, however, is a reduction of the energy difference between the open and the closed states relative to the thermal energy (kT) 26 that would then prevent MET channels from operating normally, which they do in P14 Strc 2/2 mice. The nonlinear source of all cochlear waveform distortions that also permits suppressive masking should thus come not from the intrinsic working properties of the MET channels, but from a non-conductive hair-bundle stiffness impinging the response of the MET channels. Being the missing structure in waveform-distortion-free Strc 2/2 mice, horizontal top connectors qualify as an important source of nonlinear stiffness, either directly or indirectly by providing the necessary condition for another mechanical element to operate nonlinearly. The bending of neighbouring stereocilia towards each other that is observed when stereocilin-associated lateral links extend further towards the stereocilia base in mouse models of Usher syndrome type 1 (data not shown and Supplementary Fig. 6 ) supports the importance of these links in hair bundle non-conductive stiffness. The lateral links and pivots of OHC stereocilia are well-acknowledged contributors to the component of the hair bundle stiffness derived from the restoring force. Being reportedly large 13, 27, 29, 30 , this stiffness component would indeed provide a more suitable basis for the large waveform distortions and the strong suppressive masking observed in normal cochleae, than the conductive stiffness related to the MET channels.
METHODS SUMMARY
Production of Strc knockout mice. Stereocilin knockout mice (Strc tm1Ugds/tm1Ugds , referred to as Strc 2/2 ) were produced using the Cre-lox system. We engineered mice in which exons 2 and 3 of Strc were floxed (loxP-Strc). Strc 2/2 mice were obtained by crossing these mice with a transgenic mouse expressing the Cre recombinase early and ubiquitously.
Recordings of cochlear microphonics, compound action potentials and otoacoustic emissions. An electrode was placed in the round-window niche of anaesthetized mice. The receptor currents of basal sensory cells and the synchronous activity of the cochlear nerve were recorded in response to tone-bursts and mixtures of tone-bursts and interfering tones. The sensitivity, frequency selectivity, susceptibility to masking and ability of waveforms to exhibit distortion were compared in Strc 2/2 versus Strc 1/1 mice. A miniature microphone probe in the external ear canal allowed combination tones in response to twotone stimuli to be recorded as otoacoustic emissions.
Histological analysis and immunolocalization. The morphology of the cochlear sensory epithelia was studied in Strc 1/1 and Strc 2/2 mice using SEM. For immunolocalization of stereocilin, we used two affinity-purified polyclonal rabbit antibodies, anti-B and anti-D, raised against the synthetic peptides CFLSPEELQSLVPLSD (amino acids 970-985) and EQLAYLSPEQRRAVA (amino acids 1753-1767) derived from the mouse stereocilin sequence (AF375593), respectively ( Supplementary Fig. 1b ). The distribution of stereocilin was analysed using confocal immunofluorescence microscopy, scanning and transmission immunoelectron microscopy.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
